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Overall Structure of CeC Prediction

lon’s initial condition Kicks due to CeC
x, X, vy, vy, t E dx’, dy’, dE

A. Prediction of
the single pass /
kicks received

by an ion in the
cooling section
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®
-
°
o
Q
=
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B. Long term prediction
for circulating ions

-

lon bunch
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Outline

 Prediction of cooling force in a single pass
— FEL-based CeC system

o Theoretical model
o Simulations

— PCA-based CeC system

o Theoretical model
o Simulations

o Preliminary estimates of cooling eRHIC proton beam (275 GeV) with PCA-based
CeC

— Chicane-based CeC system (time-domain analysis)

* Prediction of hadron beam evolution in the presence of
cooling
— Analytical approach: solving 1-D Fokker-Planck equation
— Macro-particle tracking
* Transverse cooling

e Summary
BROOKHFEVEN
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FEL-based CeC

Dispersion section ,”
/

Hadrons Modulator (for hadrons) /-~ e NG == -»
< > g WE 7 Ei

I

The economical version is made possible by:
1. Use relatively weak undulator field to reduce
the delay of electrons;

2.Wave-packet moves faster than electrons.

Our Proof-of-Principle 1s an economic version of CeC, where electrons
and hadrons are co-propagating along the entire CeC system

Hadrons ~ Modulator Dispersion section ( for hadrons) Kicker

-
-

v

High gain FEL (for electrons)

Electrons _ -'“-.

—_— = —_— -
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Parameters for the CeC PoP experiment

1.05 MV
Cel “kicker” CeC FEL amplifier  CeC modulator SRF photo-gun
4 quads 3 helical wigglers 4 quads Dog-leg: Bunching and cathode
y dinoles RF cavities  — manipulation
sysicm

6 guads 4

d Low power

Beam dump

1=

High power

wam dumyp T & , Low encrgy transport

| ‘__'i:i:‘ll'|l;:‘ ]\;{; ;:\i w lt‘:c“:;— Il\i‘:‘-m:a
Electron beam parameters* (y=28.6) System parameters®
Peak current’ 40 A Length of modulator/kicker 3m
Bunch length, (full length with 25~30 ps Undulator period 4 cm
uniform profile) Total number of undulator period 188
RMS emittance, normalized 3~5 um (3 sections)
RMS beam width at 700 pm Undulator parameter, a,, 0.5
modulator/kicker FEL optical wavelength 30.5 um
RMS beam width at FEL 235 um
amplifier Pierce parameter, p 0.012
RMS energy spread 1e-3

BROOKHELAEN * The designed peak current was changed to 75A to compensate FEL

NATIONAL LABORATORY gain reduction due to longitudinal space charge



Analytical Tools for the Modulation Process |

« Cold uniform electron beam (© V.N. Litvinenko)
— Density modulation: g=-Ze-(1-cosg,) o=l /cy,

2

— Energy modulation ( ¢, <<1 ): <5EE>E_2zc_Lpol,[z_ 2 ]

a Y

-2
_ 1 2 v 2
£,)=— 1+v"2+ y2+vz2
T~ pLLe\ B P P
G. Wang and M. Blaskiewicz, Phys Rev E 78, 026413 (2008)
— Density modulation:

- Z ¢ TSinT-dt
iy (X,1)= J
0

2 2
’ X Vo, \% Z vV
| S| 4| Ly g e
ax Bx a)’ ﬁy az [))z
BROOKHFEAVEN
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Analytical Tools for the Modulation Process ||

— Energy modulation:

—_—_————- e e — — 4

where I,(z,¢) is an 1-D integral with finite integration limits

(see backup slides).

8

&10°

T
=== Cold beam, Short L
= Energy spread: 1E-5
Energy spread: 1E-4
= Energy spread: 1E-3 |-
Energy spread: 1E-2

Relative energy modulation
(=]

- &10°

Longitudinal location (m)

BROOKHFAVEN
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It reduces to the previously derived cold beam
result at the corresponding limits:

B=0 v,.=0 L ,<<Byy,clo,

<5_E>z_22i rez Lmod. Y 2 ’
E a v |z \/z12+a2/y2

mod




Validating Numerical Simulations with Theoretical Prediction

« Simulations based on perturbative trajectory approach (© J. Ma, with
code SPACE)

— Benchmarked with theory for uniform warm beam

£
240r 4
@ —Theory =—Theory
o3 HE e Simulation 3 =+=» Simulation
oy @
o 30 2
: :
@ 25 = 1
8 8
p ]
5 20 E 0
015 D-1
o o
(0] o
10 -2
5 <
® 5 -3
o .
e 0 4 ) s’
2 5 A 0 5 "5 . 0 5
Longitudinal coordinate, 1/ Debye length Longitudinal coordinate, 1/ Debye length
(a) Longitudinal density (b) Longitudinal velocity

- Gaussian beam in continuous focusing channel

2
¥ 10

x 10 ER L =il 0er

) Sy

25 === 1.0
o 1.5

i 2.0e

Mumber of electrons (1/m)

\“. "'
1. ll
1 ] o~ "
E- '
" - '
} gl
i‘ [ '!
ir ‘\
f"’ 5 ‘~
= 0.5
r
®{m) x10
D
Trans«.rerse coordunate % rn] w1t

*SPACE is a PIC code, X. Wang et al., “Adaptive Particle-in-Cloud method for optimal solutions to
1 Vlasov-Poisson equation,” J. Comput. Phys., 316 (2016), 682 - 699.



3D Modulator simulation in Quadrupole Focusing Channel
© J. Ma, SPACE simulation

. — AL0.6 m
_ o1 A2 m
E i --- A8 m
= 3 ALZ.4 m
g ceMEm |
B
4 A
._E 1! H
g 0,
=
= -
24
18
12 - X107
Propagation dist. (m) 06 -1 z (m)
14 r 25X 10° i 1 a& 10
’y o [, MAD-X = nfinite bearn Bt\\n" « 0 x-cffsat
L m © Finite beam with focusing channel . -
12 i t.'l.._. @ [, MAD-X g 3 in m ocusing chann o 16 . o- yoffset|
f A B SPACE || £ ¥ 214 s
..---..I‘”::I ll. ¥ 1 [l T;_ “1...
E 3 by SPACE || & £12 Y
c B B, ImpactT | 15 @ B,
] =] — + LAY 4
= . i ImpactT || B g ! e,
c 6 ; v LT @ 5 “a
3 a L L 9 3 0B *ats
= I L [} ] LN
o= 4‘) - . o0 E £ 0B W,
I.‘. S +* -E 11‘-‘*
2 a =" § %9 E - ‘B,
. @ P @, @ @z Tty
L Tlng
D L L L 1 L D 1 1 ‘
i} 0.5 1 ) 1.5 2 25 3 i} 5 10 18 D.; |:|_'5 1 1_'5 2 15
longitudinal distance (m) lon Velocity / Electron Velocity Spread Transverse offset (m) < 10°
N>
1 . 27 )\ A § Nucl
/ Zi opt opt sice OLmmmdl Phyg;
BRO EN b= et I <z < DF p <
NATIONAL LABORATORY N)\ 2 2 "
: k — 1 Nuctear patter - Q> **




Analytical Prediction for FEL Amplifier

* For the CeC PoP parameters, the FEL amplifier works in the diffraction dominated

regime
[ 1
"% o > Bk

and hence we can’t rely on 1-D theory to predict the performance of the amplifier.
- Using Ming Xie’s empirical formula, we obtain /;, =/, (1 + A3D) =0.363m

« Estimate of the maximal gain before FEL saturation

2
Using the saturating criteria that radiation power at saturation is P7Mc¢ I/e

[ . =2228l,=83m G, = l5 exp [21“") =330

w,sat
3 3D

/ i
max < 1 = Gsat — /;O 2 — Nel5w,sat — 523
ec c

-1
BROOKRRUEN | here is a factor of (2%)7 ~(0.632 between the two estimates.

NATIONAL LABORATORY

Using the criteria  |67/n,




Effects due to multi-subsections

sep sep

00001 One fong undulator y
%e05 | Separations: 3 undulator beriods —— - AL 3010~ 0.4 . .
S ahons: 3 Undlotor i 0, === =138mm The radiation width
e f Separns: s breds —— | 4” &
o 7e-05 | . 2 2 —-6_ 2
3 no. nx138 xX107m :
2 L =—"r= =20 Rayleigh length
T 1 A 30x10°m o yielgh ieng
‘*3 5e-05 | Als=0 T
= R= (s=0) _ 1 ~=17% Only 17% of the radiation power
£ T A(s =44cm) 44 ,
2 1+W propagates to the next subsection
@ 3e-05 |
2e-05 | . .
* Our undulator consists of 3 sub-sections
le-05 | . . .
i o and more than 80% of radiation power is
200 220 240 260 280 300 320 340 1
Longitudinal location along bunch / wavelength IOSt In the 44cm gap between tWO o N
BROOKHEAEN successive subsections. % )
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Effects due to Longitudinal Space Charge

0.00012 -

0.00012 - - ' ' Long. modes: 1; Azimutﬁal modes: 0 ——
No longitudinal SC Long. modes: 2; Azimuthal modes: 0
Long. modes: 1; Azimuthal modes: 0 Long. modes: 1; Azimuthal modes: 1 ——
Long. modes: 2; Azimuthal modes: 0 X
0.0001 | B
0.0001 -
_ ) Peak current: 75 A
" Peak current: 51 A g _
S seos 2 8e0s lon \ Emittance: 8 um -
= a
§ §
g 6e05 S 6e05 | i}
& &
(=) o
c o
£ r
£ 4e05 £ 4e05 | B
>
@ [
2e-05 2e-05 | 7
0 L L Il Il
200 220 240 260 280 300 320 340 0 - - - . L 1 =

200 220 240 260 280 300 320 340
Longitudinal location along beam / wavelength

Longitudinal location along beam / wavelength

« Longitudinal space charge has more pronounced effects on the FEL gain than
what to be expected from theory.

BROOKHFAIEN
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Kicker

* Dynamic equation in Kicker 1s very similar to that in the modulator
except the 1nitial modulation in 6D phase space dominates the
process. For 1D FEL output with the certain assumptions for the
transverse distribution, the following analytical formula for density
modulation can be derived (IPAC’10 proceedings, pp. 873)

—r———————_—-—--— - - - - - - - - - - - - - - - - - - — —_——- - - —-——- - - - - Y — —_———-. - e —_——-_ - - - - T T —_—_——_ - - T —_———— =

* The macro-particles from GENESIS simulation are imported into

Number of electrons / um

SPACE for the kicker simulation © J. Ma, SPACE simulation
A0 m At1.2m At2.4'm
1500 : : ; ; : : 3000 : : : 1500 ‘ :
1000" % 2000} g 1000+
-~ > 500
500 @ 1000+ @
5 S o
ks 0 ks
ol o & 500
- F Y—
-500 ? 1900 §-1ooo
8 -2000+ QO 1500}
1000} g g
= -3000F Z 2000
-1500, 10 20 30 40 50 60 70 4000 ‘ ‘ ‘ ‘ ‘ ‘ -2500 ‘ ‘ ‘ ‘ ‘ ‘
_Longitudinal coordinate (um) -4000, 10 20 30 40 50 80 70 0 10 20 30 40 50 60 70

Longitudinal coordinate (um) Longitudinal coordinate (um)

Tear Matter - QU™



Field Reduction due to Finite Transverse Size

To estimate the reduction of electric field due

to finite transverse size, we solve Poisson
equation for charge distribution of the form:

P(0)= .0} sl

E (r=0)=- 1 sin (kcmz)TnKO (n)p, [kl) dn 0';_ | I \I | 1

)

cm 0 cm

For Gaussian transverse density distribution,

we obtain

£ (r=0)=—SKa?) G g
’ 2rk, g00 "

-k (n)eso -2 Jan =L i

NATIONAL LABORATORY

|

|

|

| Lorentz
| transform
|

|

|

|

|

|

|

Lab frame Beam frame

O
X
S We are here
S 0.6~ —
o
S o4k _
5 po(r) = ——exp| -
8 02+ ? 272'0'2 20 -
%

0 | | | |

0 2 4 6 8 10

k. o

-7k, (n)]-eXPK—zn—;jdn

BROOKHFEAVEN *The results reproduces what previously derived by G. Stupakov.




Start-to-end Simulations of Cooling Section

Electron beam parameters _ _
© J. Ma, SPACE simulation

@ Energy v = 28.5

@ R.M.S. energy spread 1e-3

o Peak current 75 A

°

Normalized R.M.S. emittance 8 mm mrad

i i . . ] 0.04 i i i i .
x10° _2[ ?g " 0e © sEE=0 3 —z = 0 ms, cooling time 05
i1.2m EIE = Je-d £ 0.035
£ 20 e AL1B M — 08 o GEE=5Ted =z
s At24m .615 w . 5 003
£1s oAtaom g E i m A P =
S0 s ERU A U A S A W A Z oo
& =] : [ Pt i
5 3 A £ zo2 |} i Pl HE S o
5 A S -] 8 A N T D >
g 0 i LW Wy ) é E ol f i i *‘ : 3 i ‘.‘ Tcu 0.015
5 Fi H ! i \ i1 i ] =
T ffr/ > §o0o) Y i % i; Vi 3 oo
24 . T (Y 8 ; i @
18 2 . od ».'; L i‘ i S 0.005
12 i 10" 0 * =
Propagation dist. (m) 06 0 z (m) 0 100 200 00 “0a 0 02 o4 08 0B 1 12 % 05 115 2 25 3
Number of slice Longitudinal coordinate (m)  y10* Propagation distance (m)
(a) Modulator (b) Entrance of FEL (a) lons at different locations(b) lon with reference energy
-4 o
2% 10 s 10 035 ) ) ) ) )
E —z = Ge+ 04 mis, cooling time 3.9 5 E
03
Eus E E
[ 3 [71] % - ﬁ
g § -] 0.25 )=
@ g 0 = =
'E, fii] o 02 o
cZ ] =) =)
c - 7] i}
5 5 > 015 >
0s z Z .
£ o [} [}
3 a c c
@, £ 5 0 5
S5 4 =2 2
z D05 g
3 S — vz = Be+004 mis, coolinatime 525
0 — 15 : ) . 025 : :
0 100 200 aon 400 0 02z 04 05 0B 1 12 0 05 1 15 2 25 a ] 05 1 15 2 25 3
Number of slice Longitudinal coordinate (m)  «10™ Propagation distance (m) Propagation distance (m)

(c) Exit of FEL (d) Kicker (c) lon with lower energy  (d) lon with higher energy
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Applying Single-pass Kick to Predict lon Beam

Evolution with Cooling

1. Macro-particle tracking
2. Solving Fockker-Planck

equation

Electron beam parameters

Ion beam parameters

Peak current, A 75 Charge number, Z,, 79
Full bunch length, ps 25 Bunch intensity 10°
Norm. emittance, RMS, pm 5 Bunch length, RMS, ns 3.06
Relative energy spread. RMS 107 Relative energy spread, RMS 3.35%10™
Beam energy, » 28.66 RF frequency, MHz 28
Table 1: Beam parameters for the proof of CeC principle experiment
Gain of FEL amplification 80 FEL wavelength, um 30.5
Peak correcting field, V/m 36 Rsg, cm 1.2
Kicker length, m 3 Coherent length, o, , mm 0.54
Coherent kick amplitude. g, | 4.657x107° Local cooling time (T}), s 3.185
CeC diffusive kick from 1.163%x107° CeC diffusive kick from 2038x107°
neighbor 1ons, d,, electrons, d,
IBS diftusive kick at bunch 1.886%107°

center, dp(0)

Table 2: CeC system parameters of the proof of CeC principle experument

BROOKHFAVEN
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0.25

0.2

0.05

40 minutes
of cooling

Initial
FP solver

Tracking, Sin. cool. force -
Tracking, linear cool. force




PCA-based CeC

* Plasma-Cascade Instability
— Longitudinal plasma oscillation

Longitudinal plasma oscillation in a neutral
plasma (from the internet, only for illustration)

2~
dn . DA T Y I AR I
— to,n=0; PR LT AN s O I
-
&,
2
» 4rne
. = :
p 9

Plasma oscillation also exist in
single-species plasma like
electron beam.

fo JinTie FRIYP T NC GRS Ay
RRREH A RN LAOEKT LN 4 S8
".“ ‘”“: '?. t“'.m:¢’¢

BROOKHFAVEN
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Plasma-Cascade Instability

Longitudinal plasma oscillation with
periodically varying plasma frequency

2~
%m;(z)ﬁ:o;

_ el
Stability condition ( ] -M,,, ( ) j
n' s=—1 n‘ s=1
2
|ﬂ’| = ‘(Mtotal )1,1 * \/(Mtotal )1,1 —1i=1
ﬁ(§) My Iy, ﬁ(())
(Mtotal)l,l - 2m11m22‘§:1 -1 (ﬁ'(§)j B (mﬂ mzzj[ﬁ'(o)

BROOKHFAVEN
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Betatron motion in a FODO cell

y' + Ky(s)y =0,
FODO CELL

QF/2 B QD B QF/2

L1 [ |

M = ( 1 0)(1 Ll) 1 0)(1 Ll)( 1 0)
- 1 1 1
-3 1y\0 1/J\£ /N0 1)\ -5

L L L L
_ ( HE-fomr a0t )
Tl _ 1L L L L L _ i1 J”
o n T HEtwtaE) 1tE o n e

1.0 prvrry ooy

08 0

X, = L1/2f1

T T rTr T T T TT7T

0.8 [— HH

vl j Xg = Ll/ng

0.2 —

(I 11 L1
] 02 0.4 0.6 0.8 1




Analytical solution for emittance dominated beam

If we assume k, >> k., the envelope equation become d"=k;a™
and its solution for initial condition of ¢4 (0) =1 and d'(o) —0is

A2 712A2
a —kﬂs +1

and the equation of longitudinal density perturbation becomes

o 2kl .
n — =0
k +1
which can be solved in terms of Hypergeometric function:

fl(§):Cl'F(alaﬁl;}/l;xl)_i_czé\'F(al ﬂl 971+1 XIj 1Al

k,=17

. | 5

The eigenvalues for the transfer matrlx of one cell is 3f

2.

2
i:(MfOtal)l,li\/(Mtotal)l,l _1 1 p
1 2 3 4
! 3,35

BROOKHFAVEN
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Gain of Plasma-Cascade Instability

40

30

10

0 10 20 30 40 0 10 20 30 40

k.. k

Re /12“ , the absolute value of maximum growth rate

SC

Figure 7. Contour plots of A= m.’:u;(‘Re/'L1

>

per cell, using (a) an analytical solution (67) for an approximate beam envelope ﬁ(ﬁ ) (as 1n eq.
(33), and (b) exact numerical solution of the problem using code described i Appendix A.
Purple area highlighted by white lines indicates areas of stable oscillation ‘ll 2‘ = 1. Outside these

areas oscillations are growing exponentially.

of Nuclear py, i
Cs

oM<
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Estimate Cooling Force for PCA-based CeC: Parameters

Energy, v 28.5
Electron beam peak current, A 100
Bunch length, ns 0.015
Bunch charge, nC 1.5
Modulator length, m 3

Amplifier length, m

8 (4 sections)

Beam width at modulator, mm

0.94

Amplifier gain (Cold, infinitely wide), | 200
Jamp

RMS energy spread 1e-4
KV envelope norm. emittance, ym |8
Minimal beam width at PCA, mm 0.2

BROOKHFAVEN
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Estimate Cooling Force for PCA-based CeC:
Line density perturbation

Line density perturbation at the exit of the modulator:

= (ko Ze 7.0k _7 - = [e* =
pl(kz)_l+zz(kz)2[1_e v (cosy/m /lz(kz)sml//m)} ,012(2) e e pl(kz)dkz ﬂazo[ ]2+T2

Line density perturbation at the exit of the Plasma-Cascade Amplifier:

k

- Ly ) -
p2(kz):gampRamp(kz)eXp(_ zIBz ycpJpl(kz)

I \ .
E Gain reduction factor Landau damping
% ol | due to finite transverse factor for Lorentzian
E | beam size energy distribution
B By ()= K2, [ 1Ky (], -1 i

00 2 ‘—1 |6 ‘8 10

Kz 2amp

BROOKHFAVEN
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Fourier amplitude of density perturbation

Estimate Cooling Force for PCA-based CeC:
Line density perturbation

Line density perturbation in wave-

3x10%

2<10*

1x10*

number domain

.‘ -

=== Infinitely wide
= Finite width
-=== Initial (x200)

- s5x10* 0 sx10*
k, (1/m)

. L,,) -~

p2 (kz):gampRamp (kz)exp _kz 1827 101 (kz)

BROOKHFAVEN
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Line density perturbation (1/m)

Line density perturbation in spatial

4x10°

3x10°

2x10°

1x10%

domain

=== Infinitely wide
—— Finite width
o [nitial (x10)




Estimate Cooling Force for PCA-based CeC:
Longitudinal Electric Field in the Kicker Section

The electric potential induced by the line density perturbation is determined by the

following equations
o N2 o)) |+ Lo(n) =L ()£ (1)
r|or\  or Oz &,
If we take the transverse distribution of | _
the electrons as | & sof-— ;z;lculanon .
S —_—
fi(r)=—5H(a-r) S
zra Z E ;o ~0.385E,
The electric field can be solved as 2
o 0
a¢ 1 [ = ik.z E
Ez(r,z):—gzg (r.k, )" dk, E E, =124V I'm
~ = o, =3.75um
~ . p2 (kz) éﬁ ‘
E_(r)=—ik, ——= °
Z( ) z 72'80 — _s0- | | | _
f e _2x107° 0 2:107°
x| 1, (kzr) j nk, (kza -77)d77+K0 (kzr) J. ni, (kza-n)dn - o
a 0 Longitudinal location 1n lab frame (m)

For easy implementation into ion tracking code, we use the fitting formula:

P -3/2
E,(2)=E,—|1+=
BROOKHFEVEN o O,
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Single-pass Kick and Tracking Results for PCA-
based CeC

2
_ SN N y
A7/]',N _gy o 1+ O'f +g;/ ?pion (Zj,N)Gc 'Xj,N+Z ?pe(zj,N)Gc Y]N
. 2 0.4 . . . . . —_—
g;/ _ ZieEOLk/(AimuC ) No cooling,ju!::?f?sl S
035 With cooling
0.3 f
<
Eo 62 V/m 2
o 3.75 ym g 2
Zion 79 g 0.15 |
lon bunch intensity  2ES8 011
D (R56) 12 cm 005 -
“E, is reduced by a factor of 2 to account for reduced ‘2 15 10 s 0 s 10 15 20
cooling for ions with large betatron amplitude Longttudinal location afong bunch, s
BROOKHFAEN
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Tolerance of PCA-based CeC on the noise of electron
beam

2
D-5,,)| . (D5,,) 3
N j.N T g, 3x
Ay., =—g ( / 1+ +g .|—p, (z. )O‘ X +R, =L |—p (z. )O' Y
J.N 14 O_c O_j_ 4 8 ion j,N c J.N NL Zl- 8 e j,N c j.N
04 | | I | I | | _Actual noise power in the electron beam
N cosling, lUsF 1= ¥ Shot noise power for uncorrelated electrons
With cooling, noise power x1 ———
0.35 r With cooling, noise power x9 ——— ]
With cooling, noise power x225 ———

03 | _
< . . .
z 0B 1+ According to the simulation, the
3 noise power in the electron
2 02 f i
2 beam should not exceed 200
g o | | times of the shot noise power.

01 -

0.05 | _

0
Longitudinal location along bunch (ns)

BROOKHFAEN
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3D Simulation of PCA

e KV distribution

@ Energy 7 = 28.5, RIM.S. energy spread 0E/E =2e-4
@ Peak current 100 A
°
5

Normalized envelope emittance 8 mm mrad, beam waist a, =2e-4 m

Cell length 2 m

,x10” 5 5% 10’ e _ _
—, ) —2.50+013 Hz, gain=736
— E @
ﬁu.s v =15 S 10
3 s :
Hu.s & 05 E .
o 3 0 10
Ena S s E
@
m -g -1 % 10
02 ERE o]
2
% ; i ; : N T N U o > i : :
Longitudinal distance {m) Longitudinal coordinate (m)  x1p* Propagation distance (m)
(a) Beam size (b) Initial signal at 2.5e+13 (c) Gain of 2.5e+13 Hz
Hz signal
BROOKHFAEN
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3D simulation of PCA

3
x 10

Om 9

x 10




Preliminary Estimates for eRHIC

Electron beam parameters

Energy, v
Bunch length, ps

Bunch charge, nC
RMS energy spread

293.1
50
12.5
1e-4

Beam width at modulator 0.6

and kicker, mm

Minimal beam width at 0.1

PCA, mm

Other parameters

Modulator length, m
PCA length, m
Kicker length, m
PCA gain

NATIONAL LABORATORY

£

Z
40 E
80
20 2
100 £

> -3/2
z Z
Eﬁt(z) EO;£1+?J

Line density perturbation (1/m)

2x10°

In Beam frame

1x10°F

i [=-=-= Infinitely wide
i = Finite width
i|---- Initial

[
\
\
i
L

4

2<10°

Longitudinal location (m)

[
0.51-|=— calculation

— fit

In lab frame

-0.5

~1x107 ¢

Longitudinal location in lab frame (m)




Preliminary Estlmate for eRHIC

lon beam parameters © With cooling ——
No cooling, just IBS =

1.5 hours of cooling Initial

15
R56 from modulator to 0.93
kicker (drift), mm

Energy, v 293.1 30 ¢
RMS bunch length, ps 160 T B¢
Bunch intensity 6E10 .
RMS energy spread 4.6e-4 %

10 r

Local cooling time for ions with small >
synchrotron oscillation amplitude o | , , , , , |
Z ouk 08 06 04 02 0 0.2 0.4 06 0.8
Epeak — O48V / m O-peak - =1 8X10—4 Longitudinal location along bunch (ns)
56
Z pear = 017 um Rsg of ions is about a factor of 3 larger than the
T o E ideal value (0.3 mm) and consequently ions with
r =l reakTr _ 66 5 large energy deviation are not cooled efficiently.
ek L One possible way to increase the cooling range

is ‘electron painting’.
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3D Simulation of PCA Gain for eRHIC Set-up

@ Energy v = 275, R.M.S. energy spread 0E/E =1e-4
@ Peak current 250 A

© J. Ma

@ Normalized envelope emittance 2 mm mrad, beam waist a, —1le-4 m

o Cell length 20 m

beam size, m
W 'y

ha

-

% 20 40 B0 a0
lengitudinal distance, m

(a) Beam size
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PCA with dedicated central Solenoids

kg B

40

20

10

(a) (b) ()
Fig. 16. Comparison of PCA cell eigen values for a regular scheme (a) and scheme with
dedicated central section (Fig. 4(a)) maintaining constant beam size: fig. (b) shows the case when
the central section occupies 1/5™ of the cell and fig. (c) for the case of 1/3". We used similar
program as shown m Appendix A, which included additional “focusing element”.

(@)

Matched

solenoid

Matched
solenoid

We also work on PCA schemes with
dedicated central solenoids, which may
relax the requirements on peak current
and emittance of the electron beam.

(b)

Matched
solenoid

of Nuclear py,
Sicy

Figure 4. Alternative schemes providing for separation of the “strong focusing” in the cell center o<
and “fast expansion” outside 1t (a) and also for reducing cell’s chromaticity (b) by early
mterspersing the beam size expansion.




Chicane-based CeC

Dispersion sectlonl,’ - E,

Hadrons Modulator I (forhadrons) L--+Nge 7% Kicker

Electrons

Enhanced bunching: single stage — VL, FEL2007
Micro-bunching: MB Amplifier, Single & Multi-stage, D. Ratner, PRL, 2013

Cooling rate for microbunched electron cooling without amplification, G.
Stupakov, PRAB, 2018

Microbunched electron cooling with amplification cascade, G. Stupakov and

P. Baxevanis, PRAB, 2019
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Analysis of Chicane-based CeC:
Single lon Approach |

© V.N. Litvinenko

Consider the following initial distribution of electrons (Spatially Beercan and
Gaussian energy distribution)

2
_ P

2
20'p

e " o)
f(raﬁ 7-x9p):no'0(r_a)‘0(z—lz)° g(ﬁ ) p=—
1 12771 1 \/EGP 1 7/0
After the modulation (kicked by a single ion) and the buncher, the distribution
function is Lo N g
L7 B,) = £,G (%0 B, )., (70 B, ))s
Zr,L X .
py=p ——3 1 37 x,=x+D| p — 2L il

Yo (rz [y 2+ x12) y 3 (r2 Iy )3/2

The line density modulation at the exit of the buncher is thus

p(2)=2 f,(r, b2, p,rdrdp, dp,

BROOKHFAVEN
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Analysis of Chicane-based CeC:
Single lon Approach Il oy N Litvinenko

For the specific form of initial distribution, the integral can be reduced to

P (Z) = 2727’106721)2 . \Pu2 ( ?/OZ , reLmod j

o |DN2" 2420,°D

¥ ((.5.4)= quq{Erf(‘f(lEqs)%)i’f:f(q(laf)é)Erf( ( (W) )+C]+Erf[q3[l—5(\/qz+7)3]{j
. ) 1-Z¢ 1_E(W)

The electric field due to the density modulation can be
calculated as follows (disc charge model)

erlab 1 1
Ez,disc (O O,Zlab) li\/zz +a2 /7/2 Zl , jl
lab 0 a

| 1
" _J;dzlp(zl);

Iena3D2|D|J~LP é’ )
19*—‘3

(9061 7/0

Ez (0,0,Z) = Ez,disc (O’O’Z_Zl)

T
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Analysis of Chicane-based CeC:
Single lon Approach Il

The following shows an example of our analysis:
a :Olmm ]peak = lA Lkick :10m Gé‘,ion = 6-10_4

L_,=10m o;, = 10 D=15mm E =275GeV

2% 106 T T T I I I

=
= 0.1f -
5 =

S S

< 1x10°+ - 2

i G

2 2

= g

£ 3%

5 0 —

= m

o

o ~0.1f -
=

Q

2

m ] | | |

| | | — —
~1x10 - - —1x107° 0 1x10~°
—1x10” 0 1310~
o : Longitudinal coordinate (m)
Longitudinal location (m)
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Circulating lon Beam Evolution in the
Presence of CeC

lon bUnCh
&‘o;\

We take two approach to predict the evolution of the ion bunch in the presence of CeC:

« Solving 1-D Fokker-Planck equation (analytical tool);
o Very fast (a few minutes on a pc)
o With limitations (currently work with linear cooling force, no beam losses from
RF bucket, static diffusion coefficient...)

« Macro-particle tracking (simulation tool).
o Time consuming (a few hours on a pc)
o More realistic and versatile

BROOKHFAVEN
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How to evaluate CeC.: the original recipe

Free Electron Lasers and High-energy Electron Cooling,
V. N. Litvinenko, Ya. S. Derbenev, 29t International Free Electron Laser Conference, Novosibirsk, Russia,

August 27-31, 2007 © V.N. Litvinenko

« Linear response of electron beam on perturbations — no saturation,
superposition principle

Field induced by an ion OE, =Ze G, (F.1,.7,.1.1,):0B, = Ze G, (F.7.y,.0.1,):
Field induced by an electron 5Ee ¢ GEE( FosV oot ).5B - 'GBe(r’re’n’t’te);
E=Z¢-YG (rr,)/ ,t,t —e- G6 17 )
Field induced by all ions _|: Z‘ S 2 ke
and electrons f;:Ze.Z(;Bh(r F LYt th —- ZG ’}/e’t’te)

h

 Energy and momentum kick received by an ion in the cooling section

OE, =eZ[E-dr;: 8p,= eZJ.[E+M)-dt;
yim

 Evaluation of hadron distribution function using Fokker-Plank equation with
both damping and diffusion terms  7_(7),7- ¥ 5(x-x (1))

3f(X’S)+ J {dX"(X’t)f(X,s):l—l A [ D, (x.07(X.1)]=0,

ot IX, dt 20X.0X,

<w> B %I(X,» ~7)-W(z,X|r.t)dz = T%<6Xi>;

BROOKHEAVEN D00 =5 [(X,=2)(X, - 2,0 (2.x[e.0)az = (6, -5x).
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Analytical tools for predicting the influences of CeC
to a circulating ion beam |

« Evolution of the longitudinal phase space density of the ion
bunch, after averaging over the synchrotron oscillation
phase, follows the 1-D Fokker-Planck equation

%F([,t)—%(@(])-I-F(I,t))—%(l-D(l)-%II’t)j =0

* Inthe limit of D(Z)=0 , an analytical solution can be derived
for the following form of cooling profile and initial condition,

I B, (x) is called product logarithm

1 _ _
(([) =Gy E)(]) B eXp[ I function and can be directly
I+, o evaluated in Mathematica.

1 1 —1 1 1
/ Rog (1 exp(é/()f + Ij} eXp[[e Plog [1 exp[é’ot + ]jjj
F [’t' — 1+_€ e e won e e
(1) ( 1 j I I
1+P10g ]—exp §0t+l

as

BROOKHFAVEN
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Analytical tools for predicting the influences
of CeC to a circulating ion beam ||

 The longitudinal line density of ion
bunch is given by
Pin(1:2) = | F (22 +6%,1)ds

—00

+ For D(I)#0 , the 1-D Fokker-Planck =
equation can be solved numerically -

with arbitrary form of cooling rate %% =%
and initial ion distribution.

+ The analytical studies reveals the |
fact that the central blips due to . |
local cooling tends to be smeared
out by diffusive kicks from IBS and
more significantly, from incoherent

se2 - N,

BROOKHFAVEN 20

-15 -10 -5 0 5
NATIONAL LABORATORY Longitudinal location / electron bunch length

kicks induced by neighbor ions. /—\



Simulation tools for predicting the influences
of CeC to a circulating ion beam |

Create macro-ion Transverse

Energy kicks from CeC is AE, =AE , . +AE,

coh,j inc,j

Coherent kick induced by the ion itself ~ AE,,, , =—ZeE Isin(k,D-5;)

Incoherent kick induced by the neighbor ions (using the Gaussian profile as
obtained by quadratic expansion of FEL eigenvalues)

2
AE,, ;= _ZieEpZZGXp{— (Zj —221') ]sin (ko (Déj +z,— Zl.)— k. (Zj —z, )2)

i#]

rr—_-—--—-—_--—-- - -------—-—-—--—-—-—--—-—----—-—-—--—-—---—-—---—--—---—-—-—--—-—--—----—--------—--—————m-m——----—- - - —————n

PSS —

Since there is no correlation between any successive incoherent kicks, one can

use a random kick to represent the incoherent kicks ¢ 5 -andom number uniformiy

< 2 > distributed between -1 and 1
inc,j 1

BROOKHEAUEN AEj,N ~ —Zl.eEpll sin (kOD . 5j)+ <X2> . Xj,N <X2> :%J‘deX zg
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Simulation tools for predicting the influences
of CeC to a circulating ion beam ||

« Assuming the ion density does not vary significantly over
the width of the wave-packet

% ( Z')z (Z ek l)

(ZeE 1)
(AEZ, ) =125 Jp,on Je T dz = V7 p,.(2,)0.,0

* The one-turn energy kick due to CeC is

N 2B in (K-8, 4 Z6E 2 (2 )X, 4

Diffusive kick induced by neighbor . 3
electrons, i.e. electrons’ shot noise ~ eEpl\/_ Vzp, (ZJ)Gz,rms Yy

BROOKHFAVEN
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Comparison with Macro-particle Tracking

0.25 T T T T T
Initial

) FP solver -------
lr\ Tracking, Sin. cool. force --------

0.8k - ] \ Tracking, linear cool. force

0.2

0.6 1

v
-

Cooling rate

(kifl,.0) 041

0.15

~_ | \ I \
0.1 1 10 100 1x10°  1x10*

pion ZieBc (A)

0.1

Action of synchrotron oscillation

0.05

_ %arcsin(l)+izx/r2—l; forr>1

g“(r)z T r) nmr 0

1 ; forr<1 - z/(Be) (ns)

Some limitations of the Fokker-Planck solver:

1. The Fokker-Planck solver assumes constant cooling rate (linear cooling force) inside electron
bunch while macro-particle tracking assume sinusoidal cooling force;

2. The Fokker-Planck solver does not account for particle leakage from rf bucket or other rf-
related effects.

3. The diffusion coefficients applied in Fokker-Planck equation does not change with time.
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How to cool transversely : a simple case

OF :
Only energy kick Ax, = 5 " = const — 2{,’ X
i=1

o

© V.N. Litvinenko

k=1

m3
1< i |
X=52(ar(s)e" +ec): Y{ R J; Y275

D
—ntf I T o _ ) 1 -
<Aak> = _5kak — ak — akOe ‘ Reé(l,z) :_E(Y(I,Z)ﬂ SD) zy(l,z)i'gi; 65 =Re§3 = 5(§6 +2Di 'Cij’
i=1

No x-y coupling
WX O | ﬁx,y = Wi,y; ax,y = _W;,ywx,y
D
v,=v =| Yty | v,=v = V(V)y .p=| TRy
A wa Py ; ’ 0 gx:Reglz_(D§1+D§2)’ és:§6_§x’
W+ — 0
0 Wy

Qx-Qy resonance

_ 1 R D¢ +D’C » D+ D’
Y = =Y. taY, ). ¥, = =(-a Y +7Y, — 1 2. — _ 1 2
V14| ( ) J1+|ef ( ) Reél 1+|O€|2 ’Reéz |0(| 1+|O(|2

Can use a non-achromatic transport (time of flight dependence)
or transverse beam separationto couple longitudinal and transverse cooling



Distribution of cooling between longitudinal and
transverse degrees of freedom — linearized kick

OF E - F
hzconst—éﬂx—@%; r=D( /(.
r=0 0/ r=20.5
X/0x r=-05 0/ X/0 r=-1

0s r |l

04

© V.N. Litvinenko

oii"ce of Nuclear py, Sic
5
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Distribution of cooling between longitudinal and
transverse degrees of freedom — real Kick

Kick

Ax = 0.7504
zero energy kick at
0.4(55

© V.N. Litvinenko

Wrong sign of displacement

30000 40000

Excessive shifting of zero-kick point to 6 = 0.6c;

{x

Kick

T8 Nuclear patter - Q™™



Summary

* Theoretical tools and start-to-end simulations for FEL-
based CeC have been developed in the past few year;

* We are currently working on improving theoretical model
for PCA-based CeC as well as conducting start-to-end 3-
D simulations with code SPACE;

* Preliminary estimate of eRHIC cooling shows that
‘electron painting’ may be needed to cool ions with large
synchrotron amplitude with PCA-based CeC;

« We are also working on PCA schemes with central
solenoid which could reduce the peak current required to
cool eRHIC proton beam.

* We show that transverse cooling can be achieved by
displacing electron beam w.r.t the ion beam.

BROOKHFAVEN
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Backup slides
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Future works

* Since PCA-based CeC i1s planned to be tested in the next two years, it is our main focus to complete
and improve the existing model and simulations:

— Theoretical studies

Develop PCA model for electron bunch with initial energy chirp and accelerator;

Develop 3-D model for PCA (Plasma oscillation with finite transverse size, transverse
mode...);

Investigate how transverse-longitudinal coupling affects PCA;

Exploring how cooling performance scales with various beam/accelerator parameters and
searching for optimal settings;

Continue works on evaluating transverse cooling;

Study PCA process with central solenoid (important for reducing requirements on electron
beam for cooling EIC);

— 3-D simulation with SPACE

Start-to-end simulation for PCA-based CeC test at RHIC;

Generating single-pass kick as a function of ion’s 6-D coordinate;
Sensitivity studies and optimizations for the PCA-based CeC test at RHIC;
Incorporating bunch compression and acceleration into SPACE;

Simulating PCA process with central solenoids.

*  For predicting the evolution of 1on beam with cooling, further improvements include solving Fokker-
Planck equation for non-linear cooling force and including transverse cooling into ion tracking code.

BROOKHFAVEN
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3D simulation of PCA

9
x10 0Om x10
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Approach Used in PRL 111, 084802 (2013) by D. Ratner

b———— Stage1 ——— — Stage2 — --- —— Stage 5 — — Kicker —

Ly > 7, _ © D. Ratner

< L5 >
lon Path <- Ly > .
“Rse/4 Al = _2{'.qu/a2IA
Az — _QILszf{]{.'TTHE:
—2cqL,, [ z Z
Lm >> IB M(:) - —?[_ - %]; _ £ 242
?aHI.-’l |‘“’| VAo + '}’HZ“ i |R56AI|A3 00 e e

(Wl(fi.f)) = T e df\/Z‘_Trrf f_w d{

y (f[ PR Ly (1) )
—eql, - Vo + 4 — 8 O
Yla [+ yP2PR

‘Disc’ model

L << p M(r, z) =

10.06 T T T T T T T T T 200.04 40
Elu'fi ;nodelk' s - — —Electron current >
- L o Particle t | ] )
< 10.04 ] e meng § 200,02 - lon energy shift || E
= = =
: : >
S o W 0 B
z g 2
= 5 @
3 B 199.98F 0 g
(4] [E3] =

996 1 1 1 1 L L L IQQQE} 1 1 1 1 1 1 1 _4”

-8 —6 -4 -2 0 2 4 6 8 -30 =20 -10 0 10 20 30
Longitudinal Position (nm) Longitudinal Position (nm)
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Debye shielding in an uniform electron
plasma with anisotropic velocity distribution

| |
| o - a o - I
mosysemaante | 2 p(3.5.)47- L f(2.5.0)- L2 f()=0
described by linearized | ot 0X m, ov L. I
Vlasov-Maxwell equations | 1 () =Jfi(x v )d .
= = = ~ /= I
i \% E=g—{Ze5(x)—enl(x,t)} i
- _ _ s |
-2
1 vV
4 - o2
| | i U TBBB BB
In 3-D Fourier domain, the | 2 _ U R .y
equations reduces to a ! drzHl(k.f) + w,H,(k,1) = w,',Zif-’_Mk)’i )
non-homogeneous grd 4 \H (B0 =i, (K, 1)e 01
ODE ‘
The solution for zero initial S 7T}
density and velocity modulation | 711(k.1) = Ziw, sin(w,t)e™™ - > >
in Fourier domain can be found ‘ NK) =ik - vo = V(kBo)” + (k,B,)" + (k;B,)°
By inverse Fourier transformation, |5 (% )— Z wft TSinT-dt
we obtain the density modulationin | ' ' #’aaa, * NN s YV . YT
space domain 12+(+0’xr} 4| L g +£z+0%)
a, P, a, B, a, P,
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1-D integral for energy modulation

2

t .
asin(o,7)
L JdT(z+v0,ZT) - z

0

[5272 + (z + vo,zr)z}[l + B2 + (z + vo,zr)2 /az}

Z.e®
Id(Z’t):_ “

T

_arctan(|z+vo,zr| /(BT)) arctan(\/(2+v0’zf)2 +a’ /(BT))_

‘Z+v0,z7‘ ) 2+, 1) +d
0,z

cos(@,7)
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Start-to-end simulation for the single pass |

Steps for single pass start-to-end simulation:

1. At the entrance of the FEL, create macro-particles for the whole
electron beam with proper shot noise. The 6-D distribution of the
particles is determined by the beam dynamic simulation.

2. At the entrance of modulator, create one slice of macro-particles
(with duration of one optical wavelength) with proper shot noise
and 6-D distribution.

3. Run modulator simulation with the slice created in step 2. Due to
periodic condition, the shot noise of the slice will stay correct.

4. Replace the corresponding slice created from step 1 with that
output from step 3.

5. Run Genesis simulation. (Need to add macro-particles with
negative energy to make it work as Genesis require each slice has
the same number of macro-particles).

6. Take a proper portion of macro-particles output from GENESIS and
import them into SPACE for kicker simulation.

7. Repeat step 1-6 but without the ion. The difference of step 6 and
step 7 provides the single-pass coherent kick solely due to the ion.

BROOKHFAVEN
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Analytical tools for FEL amplifier IV

* By requiring the relative density variation is smaller than
one, we derived the upper limit of the FEL gain for the
amplifier to work in the linear regime

<)“’ L, = G ~ 12 Ie[A]%"['um]:M.l
2 \ecL, M,

6iin)| <1= g

" y77460.52 (©Y. Jing, with code GENESIS)
* Peak current: 30 A 'f T

e Norm emittance 1 mm mrad
 RMS energy spread 2.5¢-5
e Aw=10cm

01 - 3D Genesis simulation shows

- that the maximal gain in
bunching factor is 18.7,
which  agrees with {)Lf

0.01 ¥

Avg bunching factor diff (Total - sase)

e a,=10 . estimation. f’\* f{f; -
* 20=90.73 nm M§

¥
e Mc=70.6 0.0001

1 e_05 | | | | | | | | |
0 20 40 60 80 100 120 140 160 1 SQN | 20PO
cice OL ZReRar Phy .

Longitudinal position [m
BROOKHFEAEN g p [m]
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The FEL looks not saturated

Amplification of shot )
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Field Reduction due to Finite Transverse Modulation

Size w ,
p(;) -p. (r)-cos(kz); o(F)= —4ﬂcos(kz){lo(kr) f EK, (KE)p, (£)dE+ K, (kr) { Elo(kg).po(g)d?g}
Ag=4ap = ¢(7) =g, (r) cos(k); :> E = _‘z_‘f - —4Jrksin(kz){10 (kr)}&KO (kE)p, (5)dE+K, (kr)]&lo (k&)-p, (E)d;-‘}
HE R i i)

£ -3 4nkcos(kz){11 i) &, 12}, (£)t - o)t 52, (§)d§}

olr)=o0)s(r0)

~ k |B € k
4 k o =_—o [Fi%L _ |y B¢ w
E (r=0)o- azqG(ka") TNy, Y Pifus 2(1+a,)
G G
Or o 2 y2
! S— 5
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Background electron line density
at the entrance of the kicker

6 At1.2m
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Analytical Tools for Kicker |

* Dynamic equation in Kicker is very similar to that in the modulator except
the initial modulation in 6D phase space dominates the process. For k-2
velocity distribution, the electron density perturbation is determined by:

j—; R (Ig, t)+ a)]fﬁl (Ig, t): Zl.a);e_l(’;’vO b _ a); _]171 (/;, ﬁ,O)e_ﬂ(lg’v)td%

with El(l?,t)zﬁl(l}',t)e‘i(’g)’—Tﬁ(l}',v,o)e‘i(”)fd% and

Ak, 5)=ik v - (ko +(k,0, ] +(ko.)
The solution of this inhomogencous 2" order differential equation reads
El (l;, t): C, cos(a)pt)+ C, sin(a)pt)

| T a)pe_’“ +A sin(a)pt)— o, COS((OJ)?(E,?,O)%V

+
2 2 1
A +w,

p —o
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Simulation Tools for the Modulation Process II
(© J. Ma, with code SPACE)

— Simulation results for a continuous focusing channel (Beam
iIs matched and transverse beam size does not vary.)

 Modulation is less effective for an

N
w

|=0.0c

off-centered ion. For an ion sitting

S0 2 Y | R e
at 10 away from transverse 3 7 O 150
C | C 2.0c
electron beam center, the %15 g .
. . . . =2 °
longitudinal density modulation &% 2
reduces by ~40%. g s g
. € € o-
« The transverse density 2 o A , 2
modulation profile induced by an = a?ﬁf . \w-;t A =
off-centered ion is significantly Longitudinal coordinate (um) ransverse coordinate x (mm)

different from that induced by an
ion at beam center

x10|

NATIONAL

BROO| (a) Ion at center (b) Ion at z = lo (c) Ion at z = 20 ’
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Simulation tools for FEL amplifier

We use GENESIS 1.3 to simulate the amplification process in
the FEL amplifier.

Following the approach of perturbative trajectories, we run
two sets of FEL simulation: one with shot noise plus
modulation induced by the ion and the other one with shot
noise only. The wave-packet due to the ion is extracted from
the difference of the two sets of simulation. The plots are
results for 20 MeV electrons.

At0 wiggler period ‘ 10 At75 wiggler period At end of FEL

bunching factor

- N w N s, (2] ~
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Simulation tools for kicker

(© J. Ma, with code SPACE)
. The macro-particles from GENESIS simulation are imported
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The evolution of the wave-
packet shows similar behavior
as that obtained from analytical
model, i.e. the wave-pac
amplitude increases initially
and then starts to decrease.
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Start-to-end simulation for the single pass
(© J. Ma, with code SPACE and GENESIS)

* One example of start-to-end simulation (to cool 40 GeV Au)
Modulator Amplifier

At3m
25 i ' 4.5)( 10™ At end of FEL
4,
£ 20/
s 35
[0
=15 il
3 5 3
> -
g10 825
@ <
s » 5 2
3 sl | =
% 215
® 0 1
0.5}
0 10 20 30 40 50 60 70 0 L K|Cker
1/ Debye length 0 100 200 300 400
# of slice
AtO m A2.4m
1500 : : 2000 : :
1500}
§ 1000} %
k) & 1000
°’ o
2 500 2
3 8 500/
a fa)
a o » g o
o 2]
s =
S 5 conl
8 -500 g -500
3 9
2 2 -1000
3 -1000" 5
1500}
1500 ' , k . i
0 10 20 30 40 50 60 70 2000 : : ’ s '
1# Dielaps Iergh 0 10 20 30 40 50 60 70

1/ Debye length

e of Nuclear Ph &

BROOKHFAVEN

NATIONAL LABORATORY




How to evaluate CeC: the original recipe

Free Electron Lasers and High-energy Electron Cooling,
V. N. Litvinenko, Ya. S. Derbenev, 29t International Free Electron Laser Conference, Novosibirsk, Russia,

August 27-31, 2007 L
© V.N. Litvinenko
Linear response of electron beam on perturbations — no saturation,

superposition principle
5E =Ze- G (r a’yh’t’t) (F ’_’;n%nt’th);
(l" I",}/e,t t) (’_; ’_/‘;’ye’t’tff);

r

G

2 (7 rh,}/h,t,t) 2 po (FoF Y otot );
Z

h

Fh’/}/h’t’th)_e'EéBe ’_; _;’ye’t’t )

Y.m
Evaluation of hadron distribution function using Fokker-Plank equation

with both damping and diffusion terms
« Cooling transversely using coupling with longitudinal degrees of

freedom

M]m;

SE, =eZ[E-dF; 8P, _ezj{E+
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How to evaluate CeC: the original recipe

Free Electron Lasers and High-energy Electron Cooling,
V. N. Litvinenko, Ya. S. Derbenev, 29t International Free Electron Laser Conference, Novosibirsk, Russia,
August 27-31, 2007

© V.N. Litvinenko

* Linear response of electron beam on perturbations — no saturation,
superposition principle )
perp princip _ [pxB]
E+ -dt;

OE,=eZ|E-dr; 8p,=eZ| ym

* Evaluation of hadron distribution function using Fokker-Plank equation with
both damping and diffusion terms  7_(7);7=3s(x- x,(1))

If(X.s) 9 [ax,(x.)- e ) )
ot +0”Xi[ a ) _EaXian[D”‘(X’t)f(X”)]—Oa

<XmC(lj(’t)> = %j(){i ~2,)-W (2. X|r.t)dz = %{5)();

D, (X,i)= %I(X,- ~Z)(X,-2,)W(Z.X|r.t)dz= %{6}@ 5X,).
* Cooling transversely using coupling with longitudinal degrees of freedom

OE, (Xh) - (ez)z "8 En (Xh)_ Ze' - 8 Ee (Xh )

BROOKHIAEN X" ={xP.y.P,1=c(t,~1).6=(E~E,)/E,)
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